In the Klebsiella pneumoniae CG43 genome, the divergently transcribed genes coding for PecS, the MarR-type transcription factor, and PecM, the drug metabolite transporter, are located between the type 1 and type 3 fimbrial gene clusters. The intergenic sequence pecO between pecS and pecM contains three putative PecS binding sites and a CpxR box. Electrophoretic mobility shift assay revealed that the recombinant PecS and CpxR could specifically bind to the pecO sequence, and the specific interaction of PecS and pecO could be attenuated by urate. The expression of pecS and pecM was negatively regulated by CpxAR and PecS, and was inducible by exogenous urate in the absence of cpxAR. Compared with CG43S3DcpxAR, the derived mutants CG43S3DcpxARDpecS and CG43S3DcpxARDpecSDpecM exerted similar levels of sensitivity to H 2 O 2 or paraquat, but higher levels of mannose-sensitive yeast agglutination activity and FimA production. The promoter activity and transcript levels of fimA in CG43S3DcpxAR were also increased by deleting pecS. However, no binding activity between PecS and the fimA promoter could be observed. Nevertheless, PecS deletion could reduce the expression of the global regulator HNS and release the negative effect of HNS on FimA expression. In CG43S3DcpxAR, the expression of FimA as well as PecS was inducible by urate, whilst urate-induced FimA expression was inhibited by the deletion of pecS. Taken together, we propose that K. pneumoniae PecS indirectly and negatively regulates the expression of type 1 fimbriae, and the regulation is urateinducible in the absence of CpxAR.
INTRODUCTION
The nosocomial pathogen Klebsiella pneumoniae causes suppurative lesions, septicaemia, and urinary and respiratory tract infections in immunocompromised patients (Han, 1995; Schelenz et al., 2007) . In Taiwan, the incidence of Klebsiella liver abscesses (KLAs) in patients with diabetes, malignancy, renal disease or pneumonia has been increasing steadily (Fung et al., 2002) . Recently, KLAs have also been reported in Western and other Asian countries (Pope et al., 2011) . Although the pathogenic mechanism of KLA remains unknown, several virulence traits including K1 capsular polysaccharides (Fung et al., 2002) , magA (Chuang et al., 2006) , iron acquisition loci on pLVPK (Tang et al., 2010) , as well as type 1 and type 3 fimbriae (Struve et al., 2009; Stahlhut et al., 2012) have been implicated with a role in the pathogenesis.
Fimbriae mediate the attachment of bacteria to biotic or abiotic surfaces, and are also involved in infection and biofilm formation (Van Houdt & Michiels, 2005; Nuccio & Bäumler, 2007) . In K. pneumoniae isolates, type 1 and type 3 fimbrial operons are physically linked (Struve et al., 2009; Wang et al., 2013) . The expression of type 1 fimbriae is phase-variable and is mediated by the invertible fimS, located upstream of fimA. The fimS switch, which alternates bacteria between type 1 fimbriated and non-fimbriated states, is controlled by site-specific recombinases FimB and FimE (McClain et al., 1991) . The interplay of DNA binding proteins HNS, IHF and Lrp also influences the fimS orientation (Corcoran & Dorman, 2009) . Originally characterized in Klebsiella strains, type 3 fimbriae provide the bacteria with the ability to adhere to epithelial cells of the respiratory and urinary tracts (Hornick et al., 1992; Tarkkanen et al., 1997; Jagnow & Clegg, 2003) . A determinant role of type 3 fimbriae in biofilm formation has also been demonstrated repeatedly (Di Martino et al., 2003; Struve et al., 2009; Schroll et al., 2010) . The expression of type 3 fimbriae is regulated by the second messenger c-di-GMP, and the corresponding regulators MrkH, MrkI and MrkJ (Johnson & Clegg, 2010; Wilksch et al., 2011; Wu et al., 2012) .
In between the gene clusters fimBEACDFGHK and mrkABCDF, the 4.6 kb of DNA contains homologues of pecM and pecS, a putative high-affinity nickel transporter encoding gene, and two ORFs (Struve et al., 2009) . PecS, which belongs to the multiple antibiotic resistance regulator MarR family of transcriptional regulators, negatively controls the expression of several virulence factors in Dickeya dadantii (Erwinia chrysanthemi) (Reverchon et al., 1994; Ellison & Miller, 2006; Hommais et al., 2008; Struve et al., 2009) . PecM is a transmembrane protein of the drug/metabolite transporter family. In D. dadantii, PecM acts as an efflux pump to excrete indigoidine for defence against reactive oxygen species (Rouanet & Nasser, 2001; Zakataeva et al., 2006) .
In D. dadantii, Agrobacterium tumefaciens and Streptomyces coelicolor, the PecS protein exerts a negative autoregulation by directly binding on pecO, the intergenic sequence between the pecS and pecM genes (Praillet et al., 1997a; Perera & Grove, 2010) . In addition, the binding activity of PecS to pecO could be attenuated by exogenous urate in A. tumefaciens and S. coelicolor (Perera & Grove, 2010 Huang et al., 2013b) . Urates are secreted for the prevention of extended tissue damage when a plant is invaded by phytopathogens (Alamillo & García-Olmedo, 2001; Averyanov, 2009) . The plant pathogens may use urate as a signal to release the PecS-mediated suppression, which in turn increases virulent gene expression for effective colonization (Hommais et al., 2008; Perera & Grove, 2010; Mhedbi-Hajri et al., 2011) . However, S. coelicolor PecS is proposed as the oxidative stress response activator as urate production is associated with the generation of reactive oxygen species (Huang et al., 2013b) .
Here, we show that in K. pneumoniae CG43 the expression of the divergently transcribed pecS and pecM is downregulated by PecS and the envelope stress-responsive twocomponent system CpxAR. Although there is no apparent role in the oxidative stress response, a negative effect of PecS on the expression of type 1 fimbriae is identified. Moreover, urate is shown to be an inducer for the expression of not only pecS and pecM, but also type 1 fimbriae.
METHODS
Bacterial strains, plasmids, primers and growth conditions. Table 1 lists the bacterial strains and plasmids used in this study, and Table 2 lists the primers. Bacteria were grown in 4 ml Luria-Bertani (LB) broth, which was shaken at 37 uC at 200 r.p.m., unless otherwise indicated. The antibiotics used comprised ampicillin (100 mg ml 21 ), kanamycin (25 mg ml 21 ), streptomycin (500 mg ml 21 ) and chloramphenicol (35 mg ml 21 ).
Plasmid construction for the expression of PecS and CpxR. The coding regions of pecS and cpxR were PCR-amplified with primer pairs WCC107/WCC108 and WCC148/WCC149, respectively, from the CG43S3 genome. The amplified DNA was individually cloned into cloning vector yT&A (Yeastern Biotech), and the resulting recombinant plasmids were named pyT-pecS and pyT-cpxR respectively. For protein expression and purification, the coding regions from pyT-pecS and pyT-cpxR were subcloned into pQE-81L-Kan (Qiagen), producing the plasmids pQE81LK-pecS and pQE81LK-cpxR. The PecS site-directed mutation plasmid pQE81LK-pecS D61S was generated using PCR-based mutagenesis with the plasmid pQE81LK-pecS as template and WCC211/WCC212 primer pair to substitute the aspartic acid at residue 61 of PecS with serine.
Expression and purification of the recombinant proteins. The plasmids pQE81LK-cpxR, pQE81LK-pecS and pQE81LK-pecS D61S were individually transformed into Escherichia coli JM109 and protein production was induced with 0.5 mM IPTG for 5 h at 37 uC. The overexpressed protein was then purified from the soluble fraction of the cell lysate by affinity chromatography using His-Bind resin essentially according to the QIAexpress expression system protocol (Qiagen). The purified CpxR and PecS proteins were dialysed against Tris-buffered saline (pH 7.4) containing 10 % (v/v) glycerol at 4 uC overnight, followed by condensation with polyethylene glycol 20 000. Protein purity was determined using SDS-PAGE.
DNA electrophoretic mobility shift assay (EMSA). The pecO and the putative promoter fragment of fimA were PCR-amplified using biotin-labelled primer pairs WCC154/WCC155 and WCC58/WCC59 or non-labelled primer pairs WCC153/WCC155 and WCC58/WCC64. The DNA binding reaction was performed in a 20 ml binding buffer and the mixture resolved using 5 % native PAGE. After being transferred onto a Biodyne B nylon membrane, the biotin-labelled DNA was detected using a LightShift chemiluminescent EMSA kit (Pierce). The interaction buffer, for PecS and pecO or for PecS and P fimA , contained 0.5 M Tris (pH 8.0), 50 mM NaCl, 0.06 % (w/v) Brij58 (Sigma), 20 mg BSA ml
21
, 0.05 mg sheared salmon sperm DNA (AppliChem) DNA ml 21 and 1.5 % (v/v) glycerol (Perera & Grove, 2010) . To analyse the effect of urate, urate (Sigma-Aldrich) was firstly dissolved in 1 M NaOH and then added to the reaction buffer. For the interaction between CpxR and pecO, the binding buffer contained 20 mM Tris/HCl pH 7.0, 30 mM acetyl phosphate, 125 mM KCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, 0.25 mg BSA ml 21 and 0.05 mg sheared salmon sperm ml 21 DNA (Liu et al., 2011) .
Construction of the gene deletion mutants and the gene complement strain. Specific gene deletion was introduced to the chromosome of K. pneumoniae CG43S3 by using an allelic-exchange strategy essentially as described previously (Lai et al., 2003) . In brief, the DNA fragments of 1 kb flanking both ends of cpxAR, pecS and pecM were amplified using PCR with the primer sets WCC138/WCC139 and WCC140/WCC141, WCC111/WCC112 and WCC113/WCC114, and WCC117/WCC118 and WCC119/WCC114, respectively. The two amplified DNA fragments were cloned into the suicide vector pKAS46 (Skorupski & Taylor, 1996) . The resulting plasmid was transformed into E. coli S17-1 lpir and then mobilized by conjugation to the streptomycin-resistant strain K. pneumoniae CG43S3. Several kanamycin-resistant transconjugants, with the plasmid integrated into the chromosome through homologous recombination, were selected from M9 agar plates supplemented with kanamycin and propagated in 2 ml LB broth overnight. A small aliquot of the culture was plated on LB agar containing 500 mg streptomycin ml
. The streptomycin-resistant and kanamycin-sensitive colonies were isolated, and the specific gene deletions of cpxAR, pecS and pecM were verified with PCR analysis using primer sets WCC142/WCC143, WCC115/WCC116 and WCC120/WCC121, respectively. For complementation analysis, the DNA region containing pecS was amplified using PCR with primer set WCC111/WCC114, and the DNA fragment was cloned into pKAS46 and transferred to the pecS gene deletion mutant by conjugation.
Measurement of promoter activity. The putative promoter regions of pecS, pecM, fimA and fimB were PCR-amplified using primers IP: 54.70.40.11
On: Sun, 06 Jan 2019 12:41:06 WCC144/WCC145, WCC146/WCC147, WCC156/WCC157 and WCC158/WCC159. The amplicons were then cloned into placZ15 (Lin et al., 2006) to generate P pecS -lacZ, P pecM -lacZ, P fimA -lacZ and P fimB -lacZ. The promoter-reporter plasmids were individually mobilized into K. pneumoniae CG43S3DlacZ strains through conjugation from E. coli S17-1 lpir. The b-galactosidase activity was measured for the bacteria grown to the exponential phase (OD 600 0.6-0.7). The promoter activity was expressed as Miller units. Each sample was assayed in triplicate, and at least three independent experiments were conducted. The data were calculated from three independent experiments and are shown as the mean+SD from the nine samples (Lin et al., 2006) . The pH of the modified LB broth, which had been supplemented with different concentrations of urate (dissolved in 1 M NaOH), was adjusted to 7.5 with HCl as described in Wilkinson & Grove (2004) . NaOH and HCl were also added to modify the no-urate control LB. The bacteria were grown in the modified LB broth to the late exponential phase (OD 600 0.9-1) before promoter activity measurement.
Quantitative reverse transcription (qRT)-PCR. Total RNAs were isolated from early-exponential-phase (OD 600 0.4) K. pneumoniae CG43S3 and the derived strains, which had been refreshed from the overnight cultures, using an RNeasy Midi column (Qiagen) according to the manufacturer's instruction. Purified RNA was DNase-treated with RNase-free DNase I (MoBioPlus) to eliminate DNA contamination and the cDNAs were then synthesized using a random hexamer primer from a RevertAid H Minus First-strand cDNA synthesis kit (Fermentas). PCR was performed using an ABI Prism 7000 detection system according to the manufacturer's instructions and products were detected using SYBR Green PCR Master Mix (Roche). The 23S rRNA level was used for total RNA normalization. Analysis was performed in triplicate in a reaction volume of 25 ml containing 12.5 ml SYBR Green PCR Master Mix, 300 nM primer pair, 9.5 ml distilled H 2 O and 1 ml cDNA. Samples were heated for 10 min at 95 uC, and amplified for 40 cycles of 15 s at 95 uC and 60 s at 60 uC. Quantification was performed using the 2 -DDCt method (Wang et al., 2013) . PecS regulation of K. pneumoniae type 1 fimbriae 
CGATCCAGCCGCTGCTGGTGATGCT PecS antisera preparation. The pecS coding sequence was amplified using PCR from the K. pneumoniae CG43S3 genome and ligated into the expression vector pQE-81L-Kan (Qiagen). The plasmid pQE81LK-pecS was transformed into E. coli JM109 and the gene expression of the recombinant protein His 6 -PecS was induced with 0.5 mM IPTG for 5 h at 37 uC. The soluble His 6 -PecS protein was purified using a nickel column (Novagen). Then 1 mg purified protein emulsified with 500 ml complete Freund's adjuvant was used to immunize New Zealand white rabbits weighing 2.0+0.5 kg by intramuscular injection. The rabbits were boosted three times at 2 week intervals with 500 mg purified PecS recombinant protein. The PecS antisera was obtained by intracardiac puncture 8 weeks later.
Western blot analysis. Aliquots of the total cellular lysates were resolved through SDS-PAGE and the proteins were electrophoretically transferred onto a PVDF membrane (Millipore). After incubation with 5 % skimmed milk at room temperature for 1 h, the membranes were washed three times using PBS/Tween 20 (PBST) and were then incubated with anti-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (GeneTex), anti-FimA (Wang et al., 2013) , anti-MrkA (Wang et al., 2013) or anti-PecS antiserum at room temperature for 2 h. Again, the membranes were washed three times with 1| PBST and subjected to incubation with a 1 : 5000 dilution of the secondary antibody, alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (Millipore), at room temperature for 1 h. Finally, the blots were rewashed, and the secondary antibodies bound on the PVDF membrane were detected using chromogenic reagents 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium. Bacteria were inoculated into the modified LB broth and grown at 37 uC for 20 h before the Western blotting analysis for the effect of urate on the expression of type 1 fimbriae and PecS.
H 2 O 2 and paraquat survival assessment. Overnight-grown bacteria diluted 1 : 100 in LB broth were incubated at 37 uC to OD 600 0.6-0.7. An aliquot (1 ml) of the bacteria was collected by centrifugation, resuspended in 1 ml 0.85 % saline with either 10 mM H 2 O 2 or 500 mM paraquat and then subjected to 37 uC incubation for 40 min. After the stress treatment, the bacteria solution was diluted serially to 10 26 and 5 ml each sample was dropped onto an LB agar plate and incubated at 37 uC overnight.
Yeast cell agglutination assay. The agglutination of yeast Saccharomyces cerevisiae AH109 was conducted as described previously (Wang et al., 2013) . Bacteria (10 9 c.f.u. ml
) were suspended in PBS with or without 5 % mannose and then mixed with yeast suspended in PBS (10 mg ml 21 ) in each well of a 24-well microtitre plate (Orange Scientific). The degree of clumping was assessed by observation.
Biofilm formation analysis. Bacteria diluted 1 : 100 in LB broth supplemented with appropriate antibiotics were inoculated into each well of a 96-well microtitre dish (Orange Scientific) and statically incubated at 37 uC for 24 h. Planktonic cells were removed and the cells washed once with distilled water to remove unattached cells. Crystal violet (0.1 %, w/v, Sigma) was used to stain the attached cells for 30 min. Unattached dye was removed by washing three times with distilled water and the stained biomass was solubilized in 1 % (w/v) SDS. A 595 was determined and relative bacterial biofilm-forming activities were calculated.
RESULTS
Genomic organization of pecS and pecM genes is conserved in several K. pneumoniae strains Fig. 1 shows that the gene organization of the divergently transcribed pecS and pecM clustered with type 1 and type 3 fimbriae-coding genes could be identified in the clinical isolates K. pneumoniae CG43, NTUH-K2044 (Wu et al., 2009 ) and MGH 78578 (Liao et al., 2011) , and the plant endophyte K. pneumoniae 342 (Fouts et al., 2008) . K. pneumoniae PecS contained the characteristic N-terminal helical segment and the four residues W17, D61, W68 and R94 implicated in urate binding (Perera & Grove, 2010) , and shared a sequence identity of 43, 47 and 40 %, respectively, with the PecS of S. coelicolor, A. tumefaciens and D. dadantii. The residues for the ligand binding pocket of HucR and DNA binding helix were also conserved (Perera & Grove, 2010) . The K. pneumoniae PecM sequence was similar to that of D. dadantii with identity of 43 %, of A. tumefaciens with identity of 45 % and of S. coelicolor with identity of 46 %. Moreover, the 10 transmembrane spanning regions are also present.
Urate is able to attenuate the specific binding of PecS to the pecO sequence As shown in Fig. 2(a) , K. pneumoniae CG43 pecO also contained the putative PecS binding sites identified for the pecO of A. tumefaciens and S. coelicolor (Perera & Grove, 2010 Fig. 1 . Organization of pecS and pecM locus-containing gene clusters in K. pneumoniae strains CG43, NTUH-K2044, MGH 78578 and 342. The flanking genes of pecS and pecM were annotated according to the National Center for Biotechnology Information genome release by BLASTX analysis. NT, nickel transporter; CL, citrate lyase; HP, hypothetical protein. Huang et al., 2013b) . In addition, a putative CpxR binding sequence, GTAAA-(N) 4-8 -GTAAA (Yamamoto & Ishihama, 2006) , could be identified. We then performed EMSA to determine if K. pneumoniae PecS binds specifically to pecO only. As shown in Fig. 2(b) , 1 nM PecS could bind to the biotin-labelled pecO, pecO * . PecS-pecO * complex formation was inhibited by excess of non-labelled pecO, implying a specific interaction between PecS and pecO. In addition, adding urate to the reaction diminished PecS-pecO * complex formation. To confirm the role of urate in the binding of PecS to pecO, PecS D61S , a site-directed mutant with one of the urate binding residues changed from aspartate to serine, was generated. The lower panel of Fig. 2(b) shows that the PecS D61S -pecO * complex started to form with the addition of 0.25 nM PecS D61S . However, more complex forms of PecS D61S -pecO * were found when compared with PecS-pecO * . The binding activity of PecS D61S -pecO * could also be inhibited by an excess of non-labelled pecO, but not by adding urate. This supports that D61 of PecS plays a critical role in the urate binding reaction and the mutation probably increases its binding affinity to pecO.
Phosphorylation of CpxR is required for its binding to pecO DNA
To investigate if the CpxR box on pecO plays a regulatory role, we also performed EMSA for a possible interaction between the two-component system response regulator CpxR and pecO. As shown in Fig. 2(c, upper panel) , CpxR had no DNA binding activity in the absence of acetyl phosphate (upper panel), whilst the CpxR-pecO * complex formed when acetyl phosphate was included in the reaction, indicating that the phophorylation of CpxR was required for its binding to pecO. As the recombinant protein His 6 -CpxR reached 12.5 nM, a binding complex with the biotin-labelled pecO * was formed (Fig. 2c , upper panel). The complex diminished with the presence of excess non-labelled pecO, showing a binding specificity between His 6 -CpxR and pecO.
CpxAR and PecS negatively influence the expression of pecS and pecM
The specific binding of CpxR to pecO suggests transcriptional-level regulation. As shown in Fig. 3(a) , the promoter activity of pecS and pecM was increased by the deletion of cpxAR from CG43S3DlacZ, and the activity of P pecS and P pecM further increased in CG43S3DlacZDcpxARDpecS. The results indicate a possibility of a negative regulation of CpxAR and PecS on the expression of pecS and pecM. The transcriptional-level regulation was also supported by the qRT-PCR analysis showing that the levels of pecS and pecM transcripts of CG43S3DcpxAR or CG43S3DcpxARDpecS increased when compared with that of CG43S3 (Fig. 3b) . Moreover, deletion of pecM from CG43S3DcpxAR increased pecS and pecM promoter activity (Fig. 3a) , pecS transcript levels ( Fig. 3b) and PecS protein amounts (Fig. 3c) . As PecM is necessary for the DNA binding activity of PecS in D. dadantii (Praillet et al., 1997b) , the pecM deletion effect could be explained by the removal of pecM reducing the DNA binding activity of PecS, thus releasing the negative autoregulation, which in turn increases the expression of PecS.
Expression of PecS and PecM is urate-inducible
Urate is a ligand for PecS-dependent regulation in D. dadantii, A. tumefaciens and S. coelicolor. Fig. 4(a) shows that the promoter activities of pecS and pecM were much higher than those obtained in Fig. 3(a) . As 1 M NaOH had been added to LB, we speculate that the excess sodium ions (the final concentration of NaOH was 0.06 M) contained in the modified LB may have had stimulatory effects on the promoter activity. As shown in the left panel of Fig. 4(a) , the promoter activity of pecS and pecM in K. pneumoniae CG43S3DlacZ was not affected by the exogenous urates. Fig. 3(c) shows that PecS production in K. pneumoniae CG43S3 was barely detectable compared with the cpxAR deletion mutant. Hence, the cpxAR deletion mutant was used to determine the effect of urate. The right panel of Fig. 4(a) shows that the promoter activity of pecS and pecM was slightly increased by the addition of 1 mM urate to the culture of CG43S3DcpxAR. When the concentration increased to 5 mM, a urate-inducible expression of pecS and pecM could be observed (Fig. 4b) . Moreover, the mRNA levels of pecS and pecM were apparently increased by urate in a dose-dependent manner (Fig. 4b) .
As urate production is associated with the generation of reactive oxygen species, an investigation then needed to be carried out to see if the urate-induced PecS and PecM expression was required for the oxidative stress response.
We have previously reported a functional role for SodA and YjcC in the oxidative stress response in K. pneumoniae CG43 (Huang et al., 2013a) . As shown in the upper panel of Fig. 4 (c), CG43S3DsodA and CG43S3DyjcC exhibited higher levels of sensitivity to paraquat and H 2 O 2 when compared with CG43S3. By contrast, deletion of cpxAR, pecS or pecM exerted no apparent change of the susceptibility of CG43S3 to 500 mM paraquat or 10 mM H 2 O 2 treatment, suggesting PecS and PecM as well as CpxAR may have no major roles in the oxidative stress response. Furthermore, the exogenous urates exerted no apparent effect on CG43S3 responding to the oxidative stresses (Fig. 4c, lower panel) .
PecS negatively affects the expression of type 1 fimbriae
The clustered gene organization prompted us to investigate whether PecS regulated the expression of type 1 and type 3 fimbriae. Type 1 fimbriae specifically bind to mannosyl proteins and hence the fimbrial activity could be differentiated using mannose as a competitor for the yeast agglutination activity. We have shown previously that K. pneumoniae CG43S3 constitutively expresses type 3 fimbriae, whilst type 1 fimbriae expression is only observed when the type 3 fimbriae major pilin encoding gene mrkA is removed (Wang et al., 2013) . Fig. 5(a) shows that CG43S3DcpxAR as well as CG43S3DmrkA exerted apparent mannose-sensitive yeast agglutination corresponding to type 1 fimbriae activity. Deletion of pecS from CG43S3DcpxAR further increased the mannose-sensitive yeast agglutination activity, whilst introducing the pecS gene to CG43S3DcpxARDpecS restored the agglutination level of CG43S3DcpxAR. In contrast, pecS or pecM deletion had no apparent effect on the biofilm formation of CG43S3 or CG43S3DcpxAR (Fig. 5b) . Moreover, CG43S3DcpxARDpecS exhibited an increase in FimA production when compared with CG43S3DcpxAR. The increase was no longer observed when the pecS gene was introduced into CG43S3DcpxARDpecS. However, deletion of pecS from CG43S3DcpxAR did not trigger any visible change in MrkA production (Fig. 5c ).
HNS may be the mediator for the PecS-dependent expression of type 1 fimbriae Fig. 6(a) shows that the promoter activity of fimA, but not fimB or fimE, was negatively affected by PecS. The mRNA level of fimA was also increased by the deletion of pecS from CG43S3DcpxAR and the introduction of pecS back into CG43S3DcpxARDpecS reduced the FimA transcript level (Fig. 6b) . EMSA was subsequently carried out to examine if 5000 4000 3000 P<0.0001 Fig. 4 . Expression of pecS and pecM is inducible by urate. (a) Urate affects the promoter activity of pecS and pecM. The promoter activity was assessed by monitoring the expression of b-galactosidase on the reporter plasmids P pecS -lacZ and P pecMlacZ in K. pneumoniae CG43S3DlacZ (left) or CG43S3DlacZDcpxAR (right), respectively, which were grown to the late exponential phase (OD 600 0.9) in LB broth with 0.2, 1 or 5 mM urate. The asterisks denote differences with a statistical significance. (b) mRNA levels of pecS and pecM genes in K. pneumoniae CG43S3DcpxAR were assessed. (c) Paraquat (left) and H 2 O 2 (right) stress survival analysis. An aliquot of the exponential-growth-phase bacteria (OD 600 0.6-0.7) was collected by centrifugation, resuspended in 0.85 % saline with 500 mM paraquat or 10 mM H 2 O 2 and then subjected to 37 8C incubation for 40 min. The bacteria were then diluted serially; 5 ml each was dropped on LB agar plates and incubated at 37 8C overnight. CG43S3DsodA and CG43S3DyjcC (Huang et al., 2013a) were used as control strains for the oxidative stress response. The lower panel shows the analysis of the effect of urate on the stress responses in K. pneumoniae CG43S3.
PecS directly affected fimA expression by binding to its promoter. Fig. 6(c) shows that no PecS-P fimA* complex could be identified even with an increased concentration of His 6 -PecS to 256 nM. These results suggested the possibility that PecS indirectly regulates the expression of type 1 fimbriae.
D. dadantii PecS is a global regulator for the expression of a wide range of genes, including the DNA binding transcription factor HNS (Hommais et al., 2008) . HNS acts as a negative regulator for type 1 fimbriae expression in E. coli (Donato & Kawula, 1999 ). An investigation was carried out to determine if PecS influenced type 1 fimbriae expression through HNS. As shown in Fig. 6(d) , removal of the pecS gene from CG43S3DcpxAR reduced the mRNA level of hns and the level was restored after introducing the pecS expression plasmid. This implies a positive role of PecS in the expression of HNS. Moreover, increased expression of hns in CG43DcpxAR blocked the production of FimA, indicating a negative role of HNS in the expression of type 1 fimbriae (Fig. 6e) .
Urate-inducible FimA production is PecSdependent
Type 1 fimbriae constitute the major virulence determinant for urinary tract infection. As urate is secreted daily in urine, we further studied if urate affected type 1 fimbriae expression. As shown in Fig. 7(a) , type 1 fimbriae expression in CG43S3, assessed using the mannose-sensitive yeast agglutination assay or Western blot, could not be induced by the exogenous urates. Only in CG43S3DcpxAR was FimA as well as PecS production enhanced in a urate-dependent manner (Fig. 7b) . The FimA transcript levels and P fimA activity were also increased by adding urate to the medium, whilst the urate-dependent expression of fimA was no longer observed when the pecS gene was deleted from CG43S3DcpxAR ( Fig. 7c) .
DISCUSSION
Both Klebsiella and Erwinia are members of the Enterobacteriaceae; however, a comparison, on the basis of the intergenic sequence and sequence homology, reveals that the Klebsiella pecS and pecM loci are more closely related to the soil bacteria Streptomyces and the plant pathogen Agrobacterium. Nevertheless, K. pneumoniae 342 as well as D. dadantii are associated with plant tissue, suggesting that K. pneumoniae pecS and pecM were originally acquired from soil microbes. The analysis of the K. pneumoniae CG43 genome revealed six additional loci coding for the transcription factors of the MarR family, whilst only PecS belongs to the urate-responsive transcriptional regulator (UrtR) subfamily. This supports that K. pneumoniae pecS and pecM loci may have a different evolutionary history from the other six MarR homologues.
The urate binding residue D61 of PecS is predicted to be the major determinant for the recognition of the target DNA and PecS dimerization is essential for the specificity (Perera & Grove, 2010) . Fig. 2(b) shows more complex forms of PecS D61S -pecO * are found when compared with PecS-pecO * . This could be explained by the fact that the mutation reduces the DNA binding specificity and hence more complex forms are present. As shown in Figs 3 and 4, PecM is important for the expression of PecS and its expression is urate-inducible. The drug/metabolite transporter family commonly transports metabolites, i.e. amino acids, nucleotides and purine bases, from the cytoplasm (Rouanet & Nasser, 2001; Zakataeva et al., 2006; Airich et al., 2010) . How PecM functions as a transporter and if it is selective for pumping out specific small molecules are unknown. β-Galactosidase activity (Miller units) . PecS negatively affects type 1 fimbriae expression. (a) Promoter activity of fimA, fimB and fimE was assessed using the expression of b-galactosidase on the reporter plasmids P fimA -lacZ, P fimB -lacZ and P fimE -lacZ, respectively. (b) Levels of fimA mRNA in K. pneumoniae CG43S3DcpxAR, CG43S3DcpxARDpecS or CG43S3DcpxARDpecS::pecS were individually assessed by using qRT-PCR. The bacteria were grown with agitation to the exponential phase and then collected for analysis. (c) EMSA of the interaction between His 6 -PecS and biotin-labelled P fimA , P fimA* . The reaction was performed with an increasing amount of recombinant PecS proteins. pecO* was used as a positive control for PecS binding. (d) hns mRNA levels of K. pneumoniae CG43S3DcpxAR, CG43S3DcpxARDpecS and CG43S3DcpxARDpecS::pecS were assessed with qRT-PCR. (e) Increased hns expression reduces FimA production as assessed using Western blot analysis.
The two-component system CpxAR is a global regulatory system required for the regulation of the bacterial envelope stress response. The Cpx regulon contains approximately equal numbers of upregulated and downregulated genes, including those for pilus assembly, efflux pump biogenesis, adherence, antibiotic resistance, virulence and biofilm development (Vogt & Raivio, 2012) . The deletion of cpxAR increased not only the expression of pecS and pecM (Fig. 3) , but also the mannose-sensitive yeast agglutination activity (Fig. 5a) , and FimA and MrkA production (Fig. 5c ). This implies that the negative role of CpxAR in regulating the expression of type 1 fimbriae is probably mediated by the urate-inducible PecS and PecM system. As shown in Fig. 7(b) , the finding that the urate-inducible expression of FimA is no longer observed by removing the pecS gene further supports the possibility.
The conserved genomic organization of fim-pecS-pecM-mrk identified in different K. pneumoniae strains implies a preserved and coordinated functional pathway. Fig. 7 shows that PecS only exerted a regulatory effect on the expression of type 1 fimbriae, the major determinant for the urinary tract infections in the absence of CpxAR. The expression of the CpxAR system depends strongly on the environmental pH and the expression is induced by alkaline pH (Hunke et al., 2012) . We speculate that the CpxAR system may be repressed after bacteria come into contact with urine, which is slightly acidic (pH 6.5), thereby releasing the repression of pecS and pecM. In addition, FimA as well as PecS exert a dose-dependent expression responding to urate. We speculate that the excess urate in human urine may increase PecS production, but also release the repression of PecS on type 1 fimbriae and hence FimA production is increased.
In D. dadantii, expression of HNS decreased with the deletion of the pecS gene (Hommais et al., 2008) . E. coli HNS binds to fimS-IRL (inverted repeat left) which influences site-specific recombination and thus decreases fimA promoter activity (O'Gara & Dorman, 2000; Corcoran & Dorman, 2009) . We have shown that the expression of hns is increased by PecS (Fig. 6d) , whilst FimA production is reduced by increasing hns expression (Fig. 6e) . Analysis of the 59 upstream non-coding sequence of hns reveals three putative palindromic-like sequences (CTTNNNNNNAAG) predicted as the binding site for D. dadantii PecS (Huang, et al., 2013b) . We propose that, in the presence of excess urates and the absence of CpxAR, PecS is no longer able to bind the promoter sequence of hns, which in turn reduces the expression of HNS and consequently the repression of HNS on the expression of type 1 fimbriae is released. However, whether the fact that PecS directly affects HNS expression would thereby modulate the fimS switch needs further investigation.
We conclude here with a model in Fig. 8 , which illustrates how the phosphorylated CpxR, activated upon sensing an unidentified signal, negatively influences the expression of pecS and pecM. PecS negatively affects its own expression and the autorepression could be attenuated by exogenous Upon stimulation by an unknown external signal, the phosphorylated CpxR binds to the CpxR box in the intergenic region of pecS and pecM, and inhibits their transcription. However, the negative regulation of CpxAR on type 3 fimbriae is possibly an indirect control through influencing the expression of the regulators MrkJ, MrkH or MrkI. Only in the presence of urates and the absence of cpxAR is the PecSMmediated repression released and type 1 fimbriae are expressed. HNS is probably the mediator for the PecSM-dependent repression and urate-inducible expression of type 1 fimbriae. OM, outer membrane; IM, inner membrane.
